Long-pathlength Fourier transform spectra of water vapor recorded previously by Schermaul et al. (J. Mole. Spectrosc. 211, 169 (2002) 
INTRODUCTION
Combined experimental and theoretical studies (1) have suggested that there are problems with the near-infrared spectroscopic water vapor data used in previous versions of the HITRAN database (2) . This finding is of particular significance because of the serious discrepancy between the observed and the modeled values of the atmospheric radiation budget (3, 4) . As part of a concerted attempt to resolve problems with water vapor spectra, Schermaul et al. (5) (6) (7) recorded a series of long-pathlength water vapor spectra at near-infrared and optical wavelengths. In particular they recorded spectra of pure water vapor in the range 6500-16 400 cm −1 which, for most of this range, probed significantly deeper than previous studies. The objective of this work was not the redetermination of the line parameters of the stronger lines but the detection and characterization of the many very weak transitions also present in the spectrum. In their paper reporting these spectra (7), Schermaul et al. only analyzed one portion of their results covering the region 13 200-15 000 cm −1 . By using the results of variational nuclear motion calculations (8, 9) they were able to make 952 new line assignments covering 35 different vibrational states of H 2 16 O. In fact, comparison of the signal-to-noise ratio in the pure water vapor spectra of Schermaul et al. (7) suggests that the biggest improvement compared to previous studies is not in their spectrum 4, spanning 13 200-15 000 cm −1 , which they analyzed, but in their spectrum 3. This spectrum covers the frequency range 11 780-14 500 cm −1 and its analysis is the subject of this paper. The 11 780-14 500 cm −1 spectrum of Schermaul et al. contains 2137 lines below 13 554 cm −1 . This is significantly more than the previous works in this region (10) (11) (12) . Toth (10) and Supplementry data for this article may be found on the journal home page. 1 (2) . HITRAN does contain further lines in this region but their source is unclear to us. At the higher frequencies here HITRAN also contains data due to Mandin et al. (13) , which have also been the subject of more recent analysis (7, 14, 15 
EXPERIMENTAL DETAILS
The experimental procedure used by Schermaul et al. (7) to obtain their water vapor spectra is discussed in considerable detail in their original work. Their spectrum number 3 covered the wavenumber range 11 780-14 500 cm −1 using 926 scans, a pathlength of 800.8 ± 1.0 m, and a vapor pressure of 21.15 ± 0.08 hPa at a temperature of 296.0 ± 0.7 K. The estimated signal-to-noise ratio was 1200 : 1, a significant improvement on Flaud et al. (11, 12) , which appears to be the best available in the literature.
Line parameters of the individual transitions were determined from the absorbance spectra using an interactive least-squares line-fitting procedure that is part of the GREMLIN spectrum analysis software (Brault, unpublished). The general aim was to fit Voigt line profiles to all lines, such that the residuals of the fit were indistinguishable from the noise. This was usually possible, except when a line was so strong that the peak absorbance approached saturation, and when the wavenumber separation of a pair of lines was so small that the least-squares routine could not find a stable two-line solution. Saturation was a common problem and simultaneous fitting of up to several tens of lines was often necessary. Interactive use of GREMLIN allowed weak line parameters to be determined, even when they were blended with strong (saturated) lines, by a variety of techniques including manually removing the central portion of the strong line(s) from the fit. Parameters for the strong lines are much better determined using studies with shorter pathlengths (5) .
The molecular lineshape was assumed to be a Voigt line profile, i.e., a convolution of Lorentzian (pressure-broadened) and Gaussian (Doppler-broadened) contributions. Although the Doppler contribution to a Voigt profile caused by the motion of the particles can generally be calculated and only the Lorentzian needs to be fitted, the effect of collisional narrowing can be strong enough to seriously distort standard Voigt line profiles; see (16) . As in the previous work by Schermaul et al. (7) , "generalized" Voigt profiles, profiles for which both Lorentzian and Gaussian contributions are adjusted, were employed. No allowance was made for pressure-induced shifts in the frequencies. A total of 2137 lines were characterized up to 13,554 cm −1 ; above this wavenumber the previously analyzed 13 200-15 000 cm −1 spectrum of Schermaul et al. (7) has better signalto-noise.
The output of the fitting procedure allowed us to obtain values of the line position, the intergrated absorption intensity at 296 K, and the self-broadening parameter, in each case with associated statistical errors. It should be noted that for strong lines, characterized by having an intensity greater than 5 × 10 −24 cm molecule −1 (see below), saturation effects mean that there are much larger systematic errors associated with the line parameters than the tabulated statistical errors. Data on these lines are more reliably obtained from less sensitive previous studies. In particular Schermaul et al. (5) recorded shorter pathlength water-air spectra in this frequency range specifically with the aim of obtaining reliable intensity information for these strong lines. A full list of fitted lines is given in the journal's electronic archive. This list includes uncertainties for each parameter (wavenumber, intensity, self-broadening) listed. These uncertainties are purely the statistical ones determined by the fit. In practice a minimum error of 0.001 cm −1 was imposed on the transition wavenumber when the energy levels were determined to allow for pressure shifts and other systematic errors.
Even without spectroscopic assignment it is possible to make comparison with some of the data given in HITRAN (2). Figure 1 compares intensities fitted during the present work with those given in HITRAN. Only lines weaker than 5.5 × 10 −24 cm molecule −1 are compared since lines stronger than this show systematic errors in our work which make them appear weaker than they should be. There is good agreement between our data and the corrected HITRAN for lines in the intensity range 1-5.5 × 10 −24 cm molecule −1 , although there is a systematic increase in the disagreement as the lines get weaker. We believe that this increased scatter in the weaker lines is a reflection of the large statistical errors in the data reported in HITRAN for these lines. Our new parameters for these lines should be considerably more accurate than those determined previously. There is an apparent inconsistency between the finding of Belmiloud et al. (1) that HITRAN systematically underestimates the strength of water lines in the near infrared and our finding of good agreement between the two sets of intensity data. However, these studies are not equivalent: Belmiloud et al.'s analysis was primarily concerned with the intensity of the very important strong absorption features; our work here is only reliable for the many weak absorption features. In practice the water-air data (5, 6) analyzed by Belmiloud et al. is only sensitive to strong absorptions, which are saturated in the present pure water vapor study. Thus the line parameters extracted from this study essentially have no overlap with those given there despite covering the same spectral region. Figure 2 compares self-broadening coefficients fitted here with those given by HITRAN (2) . The data are again arranged by intensity of the line and lines with intensity greater than 
LINE ASSIGNMENTS
Initial assignments were made using known energy levels taken from the recent tabulation of Tennyson et al. (17) . Many lines could be assigned this way including, of course, lines assigned in previous studies of this region. These assignments are designated "trivial". The remaining unassigned lines were analyzed by a variety of techniques.
Tanaka et al. (18) been so labeled in the electronic listing of the data but a more thorough analysis is left to Tanaka et al.
Assignments to transitions involving previously unobserved levels in H 2 16 O were made by searching for possible combination differences and by comparison with the variational linelist of Partridge and Schwenke (8) .
As a result of this analysis 1906 transitions could be assigned to transitions involving H 2 16 O. These transitions involved 23 vibrational states largely in the 3ν + δ and 4ν polyads. Some transitions to states in the 4ν + δ polyad were also observed, arising mainly from hot bands. Table 1 summarizes our results in terms of trivial and new assignments. All assignments are given in the electronic archive.
Since HITRAN contains a considerable number of lines in the region considered here it is interesting to compare our assignments with those given there. We found a considerable level of disagreement. Table 2 lists HITRAN transitions which we have reassigned. Not included in Table 2 are transitions given in HITRAN as involving the (202) state but which, following Carleer et al. (15) , should be relabelled as belong to (400). Table 3 lists new assignments to lines tabulated in HITRAN without assignments. Finally in the electronic archive we give a listing of 251 lines for which the assignments given in HITRAN for the region 11 787-13 554 cm −1 appear to be wrong. Many of these lines have already been identified as misassigned in previous studies (8, 14, 19) .
Comparison of our line assignments with those of Flaud et al. (11) , who give 917 lines between 11 600 and 12 750 cm −1 , show, that these are much closer. We found it necessary to reassign only two of their lines and were able to assign four of their nine unassigned lines.
One result of the present study is the assignment of transitions to previously unobserved energy levels in water. These transitions have been used to augment the energy level compilation of Tennyson et al. (17) . As a result of this work 199 new levels have been determined, spread across a total of 14 different vibrational states, although it should be noted that many of these new levels have not been confirmed by combination differences. Updated energy levels can be found at ftp.tampa.phys.ucl.ac.uk/pub/astrodata/water/levels. Energy levels, including statistical errors, are given for the states (230), (131), (032), (310), (211), (112), (013), and (141) in the electronic archive.
CONCLUSIONS
A previously recorded long-path length Fourier transform spectrum of water vapor for the region 11 787-13 554 cm −1 has been analyzed. This spectrum has a better signal-to-noise ratio than previous studies of this region. Besides characterizing more lines than the comparable studies, the spectrum should also provide more reliable absorption parameters for weak water lines, those with intensity less than 5 × 10 −24 cm molecule −1 , in this spectral region. The importance of precisely characterizing the absorption by water vapor at near-infrared and optical wavelengths has recently been reemphasized by atmospheric models focusing on the role weak water lines (20, 21, 22) . The present study provides not only improved laboratory data towards this goal but also data to improve theoretical models which might ultimately provide a complete solution of this difficult but important problem.
